In this study, we aimed to measure the directly ionizing component (muons and photons) and the indirectly ionizing component (neutrons) of the cosmic-ray spectra and evaluate their dose rate contribution to the total dose rate on a ground level in Japan. Measurements were carried out in Tohoku University, Japan, from October 2000. The pulse-height spectra of the cosmic-ray photons and muons were measured with a 12.7 cm diameter and 12.7 cm long NaI(Tl) scintillation detector. In order to measure energy spectra of cosmic-ray photons and muons, response functions of the detector to photons and muons were determined by the Monte Carlo simulation codes. The cosmic-ray photon dose was evaluated directly from the measured pulse-height spectrum by using the spectrum weight function, and the cosmicray muon dose was evaluated by converting the measured pulse height spectrum into deposited energy within the detector. The quantity of the cosmic-ray electrons is estimated to be very small and is not taken into account in this study. The cosmic-ray neutron spectrum and the neutron dose were measured by using a multi-moderator spectrometer (Bonner ball) and a rem counter. The measurements could finally give the annual absorbed dose in tissue of the cosmic-ray muons of 315 µSv/y and annual ambient doses of the cosmic-ray photons and neutrons on the ground in Japan of 55 µSv/y and 31 µSv/y, respectively.
INTRODUCTION
The natural background radiation is composed of terrestrial gamma rays and cosmic rays of gamma rays, muons and neutrons. The terrestrial gamma rays caused by the radionuclides 40 K, 238 U and 232 Th existing in the earth and in the atmosphere have energies below 3 MeV. The directly ionizing components of cosmic rays, mainly photons and muons, and the indirectly ionizing components of cosmic-ray neutrons, on the other hand, extend energies of several hundreds MeV. Outside of the earth's atmosphere, the cosmic ray is a constant source of radiation that poses a great threat to both equipment and the human body 1) . The level of the cosmic ray is occasionally influenced by the eruptions of solar flares and coronal mass ejections. The aim of this study is to measure the dose distribution of the directly ionizing component and the indirectly ionizing component of the cosmic-ray spectra at ground level in Japan. The cosmic-ray muons and photons were measured separately at the same time using a 12.7 cm diam. by 12.7 cm long NaI(Tl) detector having high sensitivity, with and without a 5 cm thick lead shield. It is here assumed that the pulse-height spectra obtained with the lead shield are due to cosmic-ray muons and the subtracted spectra between the two are due to cosmic-ray photons, by neglecting the electron components in the cosmic rays, which is already known to be negligibly small at ground level. The cosmic-ray neutron spectrum and the neutron dose were measured by using a multi-moderator spectrometer (Bonner ball) and a rem counter.
MATERIALS AND METHODS
The measurements of the cosmic rays in the natural environment were done in an air-conditioned pre-fabricated August 11, 2001 . Each measurement was repeated twice. First the pulse-height spectrum was measured with the 12.7 cm diameter by 12.7 cm long NaI(Tl) detector coupled with a 6.5 cm diameter photomultiplier and a preamplifier (detector probe type SP-50 produced by O-yo Ko-ken Co. Ltd., Japan), which was left free in air, and secondly the pulseheight spectrum was measured with the same detector fully covered with a 5 cm thick Pb shield. The output pulses were fed to a linear amplifier via an attenuator. The data was collected with a 4096-channel MCA (multi-channel analyzer).
The data collection of cosmic-ray neutrons has been done since October 2000. Sequential measurements from April to July 2001 are presented in this paper. The Bonner ball spectrometer is composed of a 5.08 cm diameter spherical 3 He counter filled with 5 atm or 10 atm 3 He gas, which is placed at the center of the series of neutron moderating polyethylene spheres of different diameters of 8.1, 11.0, 15.0, 23.0 cm 2) . The high-efficiency rem counter was used to measure the time variation of cosmic-ray neutron dose rate. The rem counter consists of a 12.9 cm diameter 5 atm 3 He gas filled spherical counter surrounded with the polyethylene moderator and the inner absorber, of which 50 wt% is boron carbide and 50 wt% silicon 3) . Figure 1 shows the block diagram of Bonner ball and rem counter. The output pulses are fed to the preamplifier (ORTEC 142PC) and the linear amplifier. The pulse height distributions measured with the MCA were integrated above the noise cutoff level to get the total counts.
DOSE EVALUATION

Cosmic-ray photons
The response functions to photons of the 12.7 cm diameter by 12.7 cm long NaI(Tl) scintillation detector were calculated using the electron-photon cascade Monte Carlo code EGS4-PRESTA 4) in the energy range between 1 and 300 MeV 5) . To avoid the problem related to the unfolding method such as oscillative errors and negative values, which may definitely lead to inaccurate estimation of the radiation dose, the spectrum weight function method is introduced 6) which makes possible to obtain the radiation dose directly from the pulse height spectrum. The cosmic-ray photon ambient dose D is obtained by multiplying the measured pulse height spectrum P(EL) and the spectrum weight function G(EL) as,
where K(EL): fluence-to-ambient dose conversion factor given by the ICRP 74 7) ; R(En,EL): response functions of the NaI(Tl) detector to photons.
Measuring circuits of the Bonner balls and the rem counter.
MEASUREMENT OF THE DOSE-RATES OF THE COSMIC-RAY COMPONENTS ON THE GROUND S29
The function G(En) is calculated with a modified SAND-II unfolding code 8) , which uses a successive iteration method of Eq. (2). Figure 2 gives the spectrum weight function of the NaI(Tl) detector in the photon energy range between 1 to 300 MeV obtained from this unfolding.
Cosmic-ray muons
The energy calibration of the cosmic-ray muons was done using the maximum energy loss of muons in the detector. This value was determined from a range-energy relationship for the mean chord length 9) of the 12.7 cm diameter by 12.7 cm long NaI(Tl) detector. The maximum muon energy in the detector was then equal to 71.8 MeV. The response functions of the detector to positive and negative muons were calculated using the MARS code 10) in the energy range of 1
MeV to 400 MeV 5) and the muon energy spectrum was obtained by unfolding these calculated response functions and the measured pulse height spectrum with the FORIST unfolding code 11) . The thus-obtained result in unit of cm -2 MeV -1 s -1 is shown in Fig. 3 . The errors are too small to be seen in logarithmic scale. Since muons deposit their energy only through ionization in the detector, the dose rate of cosmic-ray muons is estimated from the total deposited energy within the detector, which is evaluated directly from the pulse-height spectrum. The pulse-height spectrum was first converted into the muon energy deposited in the detector DENaI in MeV as follows: (3) where is the measured counts in the energy range of dE n , and E n is the mean deposited muon energy. This method gives the possibility to determine the absorbed dose in the detector, in the tissue or in air. The total deposited energy in the soft tissue DE T , or in air DE A , is then given by
where and are the mass stopping power of the tissue or the air, respectively and is the mass stopping power of the NaI(Tl) detector. The values of the stopping powers are given in Ref. (12) . The total deposited energy is converted into the total deposited energy per unit mass of the detector in [MeV/g]. The total deposited energies per unit mass of the detector in MeV/g were then converted into total absorbed dose D in the detector and in the tissue, or in air, in unit of Gy, by multiplying a factor of 1.6 × 10 +10 . The equivalent dose for muon is given by (6) where the quality factor Q = 1 for muon. The equivalent dose has the same value as the absorbed dose for muon.
Cosmic-ray neutrons
The neutron energy spectrum was obtained by using the SAND II unfolding code from the total counts measured by the Bonner balls and their response functions. The response functions of the Bonner balls to neutrons are calculated with the MCNPX Monte Carlo code 13) in the neutron energy range of thermal to 15 MeV 14) . ] with the flux-to-ambient dose conversion factor K(E) [µSv cm 2 ] given by ICRP 74 7) as follows:
The total counts of the rem counter were directly converted into ambient dose rate by applying the conversion factor of 21.4 cps/(µSv.h -1 ) given in Ref. (3).
RESULTS AND DISCUSSIONS
The photon and muon doses are obtained by integrating the counts for 3 to 8 days to get good statistics and the averaged values during the period of 21 st April to 11 th August are shown in Fig. 4 . The photon ambient dose rate keeps almost constant value of 6.4 ± 0.2 nSv/h during the eight measuring periods. Muon absorbed (equivalent) dose rate shows a little change compared to photons but the variation is still very small, the average dose rate of muons is about 35.9 ± 0.7 nSv/h in tissue and 31.3 ± 0.6 nSv/h in air, which are obtained from Eqs. (4) and (5) . The errors are the standard deviation of eight data. Figure 5 shows the neutron spectra of three typical days; a day of high counts (May 8 th as shown in Fig. 6 ), a day of low counts (June 12 th as shown in Fig. 6 ), an average during April 1 st to 30 th , estimated from the data of Bonner ball, as examples. The neutron spectra have three peaks; 1) thermal neutron peak below 0.4 eV, 2) evaporation peak around a few MeV, 3) cascade peak around 100 MeV. This figure shows that on a day of high counts, both the evaporation peak and the cascade peak increase significantly accompanied by a slight shift in energies. Thermal neutron peak keeps almost constant during these periods. Figure 6 shows the time variation of the cosmic-ray neutron dose rate acquired with the Bonner ball and the rem counter from April 1 st to July 10 th together with the count rate obtained from the neutron monitor settled on the ground at the South Pole 15) .
As general features, there can be seen a good agreement between the results of the two detectors. The rem counter detected the steep increase of the dose rate during the big solar flares on April 3 rd and 16 th . The data given by the Bonner ball, however, did not show any increase on these days. 
CONCLUSIONS
In this study, the absorbed dose rates of cosmic-ray photons and muons were estimated directly from the pulse height spectra. The measured dose rates of cosmic-ray photons and muons were almost constant during the measuring period from 21 st April to 11 th August. Supposing that this constancy of the dose rates is kept during the year, the annual dose rates of cosmic-ray photons are 55 ± 2 µSv/y (ambi- The dose rates of the neutron component and the direct ionizing component constitute about 9% and 91% of the cosmic-ray dose, respectively. This study showed the new possible technique of measuring separately at the same time the pulse height spectra of cosmic-ray muons and the cosmic-ray photons by using only one set of NaI(Tl) detector and Pb shield. To evaluate the cosmic-ray photon dose, the spectrum weight function, G(En), of the detector was calculated for gamma rays. To calculate the cosmic-ray muon dose, the total deposited energy in the detector was obtained from the measured pulse height spectrum of muons. The total deposited energy in the detector is then converted into absorbed dose in tissue or in air. The cosmic-ray neutron dose was evaluated through the cosmic-ray neutron energy spectrum from the counts measured with a Bonner ball coupled with the fluence-to-dose conversion factor and also directly measured with a rem counter. The technique developed in this study shows good performance for dose estimation.
